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ATF6Although tetradecanoyl phorbol acetate induced sequence-7 (TIS7) has been identiﬁed as a co-activator/
repressor of gene transcription in different eukaryotic cells, little attention has been paid to the functionality of
TIS7 in adipocytes. Here, we evaluated the possible role of TIS7 in mechanisms underlying the regulation of
adipogenesis. TIS7 expression was preferentially up-regulated in white adipose tissues (WAT) of obesity
model mice as well as in pre-adipocytic 3T3-L1 cells cultured under hypoxic conditions. TIS7 promoter activity
was selectively enhancedby activating transcription factor-6 (ATF6) among different transcription factors tested,
while induction of TIS7 by hypoxic stress was markedly prevented by knockdown of ATF6 by shRNA in 3T3-L1
cells. Overexpression of TIS7 markedly inhibited Oil Red O staining and expression of particular adipogenic
genes in 3T3-L1 cells. TIS7 synergistically promoted gene transactivation mediated by Wingless-type mouse
mammary tumor virus integration site family (Wnt)/β-catenin, while blockade of the Wnt/β-catenin pathway
by a dominant negative form of T-cell factor-4 (DN-TCF4) markedly prevented the inhibition of adipogenesis
in 3T3-L1 cells with TIS7 overexpression. TIS7 predominantly interacted with β-catenin in the nucleus of WAT
in the genetically obese ob/obmice aswell as in 3T3-L1 cells cultured under hypoxic conditions. Both knockdown
of TIS7 by shRNA and introduction of DN-TCF4 similarly reversed the hypoxia-induced inhibition of adipogenic
gene expression in 3T3-L1 cells. Theseﬁndings suggest that TIS7 could play a pivotal role in adipogenesis through
interacting with β-catenin to promote the canonical Wnt signaling in pre-adipocytes under hypoxic stress such
as obesity.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Adipose tissue is a complex and essential organ highly responsible
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rights reserved.two types of adipose tissues; white adipose tissue (WAT) and brown
adipose tissue (BAT). The former contains adipocytes with large uniloc-
ular lipid droplets to serve as a storage depot for excess energy, while
the latter contains multilocular lipid droplets to generate heat through
mitochondrial uncoupling of lipid oxidation [3]. WAT is the main type
of adipose tissues found in adult humanswith a ubiquitous distribution
proﬁle throughout the body in subcutaneous and visceral regions, and
thought to regulate a variety of physiologic processes as an endocrine
organ through releasing different bioactive signal molecules known as
adipokines [4,5]. In obesity, deregulation is seen for the disposal of die-
tary glucose and lipid along with adipokine expression for subsequent
release in WAT [6]. Consequently, elucidation of the mechanisms un-
derlying WAT development is quite important for creating effective
therapeutic strategies for obesity and obesity-related metabolic dis-
eases such as type-2 diabetes.
By contrast, tetradecanoyl phorbol acetate (TPA) induced sequence-
7 (TIS7, also known as IFRD1 in human and PC4 in rat), is originally
identiﬁed as an immediate early gene [7]. Several independent lines of
evidence indicate that TIS7 (=PC4/IFRD1) expression is up-regulated
in brain, heart and muscle in different animal models of acute tissue in-
jury in vivo. These include ischemia/reperfusion, stroke and muscle
trauma [8]. Up-regulation of TIS7 is also seen in various cells exposed
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nerve growth factor in vitro [9]. Although IFRD1 modulates the patho-
physiology of human cystic ﬁbrosis lung disease through regulation of
the neutrophil effector function [10], IFRD1 is a candidate gene for
autosomal-dominant sensory/motor neuropathy with ataxia, which is
a rare neurological disorder whose phenotype involves both the central
and peripheral nervous systems in humans [11]. Accordingly, TIS7 has
been implicated in the regulation of cell growth and differentiation, in
addition to the pathogenesis of various diseases, through modulating
patterns of gene expression. However, little attention has been paid to
the role of TIS7 in the functions of adipocytes toward fat accumulation
and glucose metabolism in the literature so far.
Although oxygen is generally required for production of ade-
quate amounts of ATP necessary for different metabolic activities
in eukaryotic cells, hypoxia is often seen in cells and tissues under
a variety of pathological conditions including heart and lung disor-
ders, anemia, and circulation problems, which sometimes lead to
permanent damage to tissues in a severe situation [12]. The view
that adipose tissue is poorly oxygenated in both human and animal
obese models is prevailing [13,14]. Hypoxia is believed to be highly
responsible for aberrant adipocytic functions in vitro [15,16], more-
over, whereas the clear mechanism by which hypoxia regulates
adipogenesis largely remains to be elucidated. In the present
study, therefore, we have attempted to demonstrate the possible in-
volvement of TIS7 in molecular mechanisms underlying the regula-
tion of adipogenesis under hypoxic conditions.2. Materials and methods
2.1. Materials
The expression vector and the reporter vector for TIS7 were generat-
ed by the polymerase chain reaction (PCR)-based cloningmethod in our
laboratory. Other vectors used in this study were listed in Supplemental
Table S1. Pre-adipocytic 3T3-L1 cells were obtained from ATCC (Manas-
sas, VA, USA). RecombinantmouseWnt3awas purchased fromR&D Sys-
tems International (Minneapolis, MN, USA). Antibodies were from
different companies as follows: anti-TIS7 from Abcam (Cambridge, MA,
USA); anti-adipocyte protein 2 (aP2), anti-peroxisome proliferator-
activated receptor-γ (PPARγ), and anti-β-catenin from Cell Signaling
Technology (Danvers, MA, USA); anti-β-tubulin and anti-FLAG from
Sigma (St. Louis, MO, USA); anti-lamin B1 from Zymed laboratories
(South San Francisco, CA, USA); anti-heme oxygenase-1 (HO-1) from
StressGen Biotechnologies (British Columbia, Canada). Dual luciferase
assay system was purchased from Promega (Madison, WI, USA).
THUNDERBIRD SYBR qPCR Mix was supplied by TOYOBO (Osaka,
Japan). ob/ob mice on the C57BL/6 background were obtained from
Japan SLC (Shizuoka, Japan). Other chemicals usedwere all of the highest
purity commercially available.2.2. Culture of 3T3-L1 cells under hypoxic conditions
Pre-adipocytic 3T3-L1 cells were cultured in Dulbecco's Modiﬁed
Eagle Medium (DMEM) containing 10% fetal bovine serum with me-
dium change every 3 days as described previously [17]. For hypoxic
stimuli, cells were cultured in dishes placed in a jar containing Anaero
Pack at 37 °C for 3 to 24 h depending on the experimental protocols
according to the manufacturer's instructions. The oxygen concentra-
tion reached to a level below 1% within 1 h as described previously
[18]. For adipogenic induction, 3T3-L1 cells were cultured in the pres-
ence of differentiation cocktail containing 2.5 μg/ml insulin, 0.5 μM
dexamethasone and 0.5 mM 3-isobutyl-1-methylxanthine for 48 h,
followed by further culture with 2.5 μg/ml insulin alone for different
periods up to 16 days [17].2.3. Real-time based quantitative PCR
Total RNA was extracted from cells, followed by synthesis of
cDNA with reverse transcriptase and oligo-dT primer. The cDNA
samples were then used as templates for real-time PCR analysis,
which was performed on an MX3005P instrument (Agilent Technol-
ogies, Santa Clara, CA, USA), by using speciﬁc primers for each gene
(Supplemental Table S2). Expression levels of the genes examined
were normalized by using 36b4 expression levels as an internal con-
trol for each sample.
2.4. Immunoblotting analysis
Tissues and cultured cells were solubilized in lysis buffer containing
1% Nonidet P-40. Samples were then subjected to SDS-PAGE, followed
by transfer to polyvinylidene ﬂuoride (PVDF) membranes and subse-
quent immunoblotting assay. Quantiﬁcation was performed by densi-
tometry using ImageJ (NIH, Bethesda, MD, USA).
2.5. Procedures for transient transfection and luciferase assay
Cells were transiently transfected with vectors by the lipofection
method as previously described [17]. For luciferase assay, cells were
transfected with reporter vectors, followed by preparation of cell ly-
sates and subsequent determination of luciferase activity using spe-
ciﬁc substrates in a luminometer (ATTO, Tokyo, Japan). Transfection
efﬁciency was normalized by determining the activity of Renilla
luciferase.
2.6. Generation of retroviral shRNA vector and infection
The sequences of oligonucleotides for shRNA vectors were shown
in Supplemental Table S3. The oligonucleotides were synthesized,
annealed and inserted into the RNAi-Ready pSIREN-RetroQ vector
via the restriction enzyme site of BamHI/EcoRI. These shRNA vectors
were transfected into PLAT-E cells [19] using the calcium carbonate
method. Virus supernatants were collected 48 h after transfection,
and then cells were infected with virus supernatants for 72 h in the
presence of 4 μg/ml polybrene. Cells were then selected by 1 μg/ml
puromycin for 3 days before usage for experiments.
2.7. Establishment of stable transfectants
3T3-L1 cells were transfected with the full-length TIS7 expression
vector or with the empty vector (EV). After 24 h, and every 48 h there-
after for 2 weeks, media were replaced with fresh media containing
600 μg/ml of G418. Pools of 15 clones of stable transfectants were iso-
lated for further studies. Pools of clones between passages 2 and 5
were used for these experiments.
2.8. Immunoprecipitation assay
Cells were solubilized in lysis buffer containing 1% Nonidet P-40,
followed by incubationwith an antibody for 1 h at 4 °C and subsequent
immunoprecipitation with protein G-Sepharose. Immunoprecipitates
were washed three times with lysis buffer and boiled in SDS sample
buffer. Samples were then separated by SDS-PAGE, followed by transfer
to PVDF membranes and subsequent immunoblotting assay as de-
scribed previously [20].
2.9. Chromatin immunoprecipitation (ChIP) assay
ChIP experiments were performed following the protocol provid-
ed with the ChIP assay kit as described previously [20]. Cells were
treated with formaldehyde for crosslinking and subsequently
subjected to sonication in lysis buffer. Immunoprecipitation was
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DNA with phenol/chloroform and subsequent PCR with speciﬁc
primers: 5′-TCTTGTTATATTAGCCACCTGTCG-3′ and 5′-GCCAGCCCA
TGTAAACTTCT-3′.2.10. Data analysis
Results are all expressed as the mean ± S.E. and the statistical sig-
niﬁcance was determined by the Students' t-test or analysis of vari-
ance (ANOVA) with Bonferroni/Dunnett post hoc test.Fig. 1. TIS7 is preferentially up-regulated by hypoxia in pre-adipocytes. (A) 3T3-L1 cells were cu
sion (n = 3-5). **P b 0.01, signiﬁcantly different from each control value obtained in cells cultu
determination of expression of Gapdh and Xbp1 (n = 4). 3T3-L1 cells were cultured under hyp
for TIS7 (n = 4). *P b 0.05, **P b 0.01, signiﬁcantly different from each control value obtained in
the presence of the differentiation cocktail, followedbydetermination of (E) aP2 and (F) Pparg e
cells cultured without differentiation cocktail under normoxia. ##P b 0.01, signiﬁcantly differe3. Results
3.1. Hypoxic stress preferentially up-regulates TIS7 expression along with
inhibition of differentiation
We ﬁrst testedwhether TIS7 expression is responsive to different cel-
lular stresses such as hypoxic, mitochondrial and oxidative stressors in
pre-adipocytic 3T3-L1 cells in vitro. 3T3-L1 cells were exposed to one of
these stressors for 24 h, followed by determination of TIS7 expression.
TIS7 expression was drastically increased by hypoxic stress (Fig. 1A).
However, neither the mitochondrial stressor 2,4-dintrophenol nor theltured for 24 h under various stress conditions, followed by determination of TIS7 expres-
redwithout stressors. (B) 3T3-L1 cells were cultured under hypoxia for 12 h, followed by
oxia for 3 to 24 h, followed by determination of (C) mRNA and (D) corresponding protein
cells culturedunder normoxia. 3T3-L1 cellswere cultured under hypoxia for 24 to 48 h in
xpression (n = 4–6). **P b 0.01, signiﬁcantly different fromeach control value obtained in
nt from the value obtained in cells cultured under normoxia.
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sion under the experimental conditions used. Pre-adipocytic 3T3-L1
cells were then cultured under hypoxia for different periods from 3 to
24 h for determination of TIS7 expression. Marked up-regulation was
found in the expression of hypoxia-responsive genes such as
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and X-box bind-
ing protein-1 (Xbp1) (Fig. 1B) in cells cultured under hypoxia for 12 h,
while TIS7 expressionwas signiﬁcantly increased under hypoxia for a pe-
riod longer than 6 h up to 24 h (Fig. 1C). In cells cultured under hypoxia
for 24 h, a marked increase was also seen in TIS7 protein levels (Fig. 1D).
To analyze adipocytic differentiation, 3T3-L1 cells were cultured under
hypoxia in the presence of differentiation cocktail for 24 and 48 h,
followed by determination of the expression of different adipogenic
marker genes. Hypoxic stress markedly inhibited up-regulation of the
expression of adipogenic genes such as aP2 in cells culturedwith the dif-
ferentiation cocktail for 24 to 48 h (Fig. 1E), alongwith the expression of
Pparg (Fig. 1F), cluster of differentiation 36 (Cd36) (Supplemental Fig.
S1A) and solute carrier family 2 member 4 (Slc2a4) (Supplemental Fig.
S1B). As seen in cells without differentiation cocktail (Fig. 1C), hypoxia
also signiﬁcantly induced TIS7 expression in cells cultured in the pres-
ence of differentiation cocktail for 24 to 48 h (Supplemental Fig. S2).Fig. 2. TIS7 expression in various tissues of obesity model mice. (A) TIS7 and HO-1 expression
and HO-1 expression was determined in vWAT, sWAT, BAT, liver, muscle and pancreas isolate3.2. TIS7 is up-regulated in WAT of obesity model mice
As hypoxia is shown to predominantly occur in WAT of obese in-
dividuals as well as obesity model mice [13,14], we examined the
possible alteration of TIS7 expression in adipose tissue of obesity
model mice in vivo. For diet-induced obesity, 8-week old C57BL/6J
mice were maintained for 3 months under either normal chow (NC)
or high fat diet (HFD). TIS7 expression was not markedly detected
in any tissues of mice fed with NC for 3 months, whereas in mice
fed with HFD drastic up-regulation was preferentially found for TIS7
expression in both visceral (vWAT) and subcutaneous (sWAT) WAT,
but not in BAT (Fig. 2A). Expression of HO-1, a marker of hypoxia,
was also markedly up-regulated in both vWAT and sWAT, but not in
BAT, from mice fed with HFD (Fig. 2A). In genetically obese ob/ob
mice, similarly drastic up-regulation was seen for TIS7 expression in
both vWAT and sWAT, but not in BAT, with no marked expression
in wild-type (WT) mice (Fig. 2B). TIS7 expression was not markedly
detected in other tissues such as liver, muscle and pancreas in both
WT and ob/ob mice (Fig. 2B). In accordance with the results in
HFD-fed mice, HO-1 expression was only up-regulated in vWAT and
sWAT from ob/ob mice.was determined in vWAT, sWAT and BAT isolated frommice fed with NC or HFD. (B) TIS7
d from ob/ob and WT mice.
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(ATF6) in pre-adipocytes
To identify transcription factors responsible for the up-regulation of
TIS7 expression in pre-adipocytes under hypoxia, TIS7 promoter activity
wasmonitored in 3T3-L1 cells transfectedwith expression vectors of a va-
riety of nuclear transcription factors. Introduction of ATF6 predominantly
induced amore than tenfold increase in TIS7 promoter activity amongdif-
ferent transcription factors tested (Fig. 3A),while TIS7 expressionwas sig-
niﬁcantly up-regulated in 3T3-L1 cells with overexpression of ATF6
(Fig. 3B). Cells were retrovirally infected with shRNA for ATF6, followed
by culture under hypoxia for 12 h and subsequent determination of TIS7Fig. 3. TIS7 is up-regulated by hypoxia through ATF6 in pre-adipocytes. (A) Promoter activi
(n = 3). (B) 3T3-L1 cells were transiently transfected with ATF6 expression vector, followe
obtained in cells transfected with EV (n = 4). (C) 3T3-L1 cells were retrovirally infected wi
pression (n = 4–6). **P b 0.01, signiﬁcantly different from the value obtained in cells unde
with shControl. 3T3-L1 cells were retrovirally infected with shATF6, followed by further cul
nation of (D) aP2 and (E) TIS7 expression (n = 4–6). **P b 0.01, signiﬁcantly different from
signiﬁcantly different from the value obtained in shControl-infected cells cultured under hyexpression. We conﬁrmed that ATF6 expression was signiﬁcantly de-
creased by retroviral infection of ATF6 shRNA in3T3-L1 cells (Supplemen-
tal Fig. S3). Under these experimental conditions, TIS7 expression was
markedly increased byhypoxia in 3T3-L1 cells transfectedwith shControl,
while infection with ATF6 shRNA completely blocked the hypoxia-
induced up-regulation of TIS7 expression (Fig. 3C).
To investigatewhether hypoxic stress inhibits adipocyte differentia-
tion through activation of ATF6 in pre-adipocytes, 3T3-L1 cells were
retrovirally infected with shATF6, followed by culture under hypoxic
stress for 24 h in the presence of differentiation cocktail and subsequent
determination of aP2 expression. Infection of shATF6 was effective in
signiﬁcantly ameliorating the decreased aP2 expression (Fig. 3D) andty of TIS7 was determined in 3T3-L1 cells transfected with different expression vectors
d by determination of TIS7 expression. **P b 0.01, signiﬁcantly different from the value
th shATF6, followed by exposure to hypoxia and subsequent determination of TIS7 ex-
r normoxia. ##P b 0.01, signiﬁcantly different from the value obtained in cells infected
ture under hypoxia in the presence of differentiation cocktail and subsequent determi-
the value obtained in shControl-infected cells cultured under normoxia. ##P b 0.01,
poxia.
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without signiﬁcantly affecting those in cells under normoxia.
3.4. TIS7 overexpression inhibits adipocyte differentiation and maturation
To assess the possible role of TIS7 induced by hypoxia in the
adipogenic differentiation and maturation, stable transfectants were
established with TIS7 (3T3-L1-TIS7) or EV (3T3-L1-EV) in 3T3-L1 cells.
Relatively high expression of TIS7 was conﬁrmed in the clone#1 with
relatively low expression in the clone#2 among different clones of sta-
ble TIS7 transfectants (Fig. 4A). The intensity of Oil Red O staining was
drastically deteriorated in 3T3-L1-TIS7 clone#1 than in 3T3-L1-EV
clone during the culture for 8 to 16 days (Fig. 4B). In 3T3-L1-TIS7
clone#1 cultured for a period up to 16 days, almost complete deteriora-
tions were invariably seen in the expression of different adipogenic
marker genes, such as aP2 (Fig. 4C), Pparg (Fig. 4D), Cd36 (Fig. 4E) and
Slc2a4 (Fig. 4F), compared with 3T3-L1-EV clone, throughout the cul-
ture period. In control 3T3-L1-EV cells cultured for 2 days when PpargFig. 4. Stable overexpression of TIS7 inhibits adipocyte differentiation. (A) TIS7 expression was
3T3-L1-TIS7 clones were cultured in the presence of differentiation cocktail for a period up to 16
pression, (E) Cd36 expression, and (F) Slc2a4 expression (n = 3-5). *P b 0.05, **P b 0.01, signiﬁwas maximally up-regulated during the culture up to 16 days, more-
over, drastic up-regulationwas invariably seen by 9- to 700-folds in ex-
pression of the PPAR target genes, aP2, Cd36 and Slc2a4, to an extent
much less than that seen on Day 16 (Fig. 4C, E and F, insets). Similar re-
pression was also seen for adipogenic differentiation in 3T3-L1-TIS7
clone#2 (data not shown).
3.5. TIS7 regulates wingless-type mouse mammary tumor virus (MMTV)
integration site family (Wnt)/β-catenin signaling pathway in pre-adipocytes
Since both PPARγ andWnt signals are thought to be critical for pos-
itive and negative regulation of adipogenesis, respectively [21], we in-
vestigated the possible modulation by TIS7 of gene transactivation
mediated by PPARγ and Wnt signaling pathways in 3T3-L1 cells. Cells
were co-transfected with a luciferase reporter plasmid containing
PPAR response elements (PPRE) along with expression vectors of
PPARγ and retinoid X receptor (RXR), followed by further culture in
the presence of the PPARγ agonist, pioglitazone, for an additionaldetermined in 3T3-L1-EV clone and 3T3-L1-TIS7 clone (n = 4). (B–F) Both 3T3-L1-EV and
days, followed by determination of (B) Oil red O staining, (C) aP2 expression, (D) Pparg ex-
cantly different from each control value obtained in cells stably transfected with EV.
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with co-introduction of both PPARγ and RXR, whereas further
overexpression of TIS7 failed to signiﬁcantly affect the increase by the
co-introduction of PPARγ/RXR (Fig. 5A). Cells were next transfected
with a luciferase reporter plasmid containingWnt/β-catenin-responsive
elements (TOPFLASH) along with expression vectors of the constitutive-
ly active form of β-catenin (β-catenin (S33Y)) and TIS7. Introduction of
β-catenin (S33Y) alone markedly increased the TOPFLASH-luc activity,
while co-introduction of TIS7 signiﬁcantly accelerated the β-catenin-
dependent increase in the TOPFLASH-luc activity (Fig. 5B). Furthermore,
the reporter TOPFLASH-luc was co-transfected with a TIS7 expression
vector in 3T3-L1 cells in either the presence or absence of lithiumFig. 5. TIS7 accelerates Wnt/β-catenin-dependent transcription. 3T3-L1 cells were transfect
expression vectors, followed by further culture for 48 h (n = 3). (C) Cells were also transfe
ture for 48 h in the presence of either NaCl or LiCl (n = 4). Both 3T3-L1-EV and 3T3-L1-TIS7
(D) Axin2 and (E)Wisp2 expression (n = 4–6). *P b 0.05; **P b 0.01, signiﬁcantly different f
##P b 0.01, signiﬁcantly different from the value obtained in 3T3-L1-TIS7 cells cultured witchloride (LiCl) at 25 mM, which is a potent activator of TCF/β-catenin-
dependent transcription, or NaCl at 25 mM as a negative control. Treat-
ment with LiCl alone markedly increased the TOPFLASH-luc activity
with no effect by NaCl, whereas overexpression of TIS7 was effective in
further stimulating the LiCl-dependent increase in TOPFLASH-luc activity
without affecting the activity in the presence of NaCl (Fig. 5C).
Accumulation ofβ-catenin is shown to lead to the activation of T-cell
factor (TCF)/Lymphoid enhancer-binding factor (LEF) in the nucleus for
the expression of several Wnt target genes, such as axis inhibition
protein 2 (Axin2) and Wnt1 inducible signaling pathway protein-2
(Wisp2), in pre-adipocytes [22]. To provide further evidence that TIS7
indeed enhances Wnt-dependent transcriptional activation, stableed with (A) PPRE-luc or (B) TOPFLASH-luc in either the presence or absence of several
cted with TOPFLASH-luc together with TIS7 expression vector, followed by further cul-
clones were cultured in the presence of Wnt3a for 24 h, followed by determination of
rom each control value obtained in 3T3-L1-EV cells cultured without Wnt3a. #P b 0.05,
hout Wnt3a.
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followed by determination of expression of Axin2 and Wisp2, which
are both genes highly responsive to Wnt signals in pre-adipocytes. Ex-
pression of Axin2 (Fig. 5D) andWisp2 (Fig. 5E) was signiﬁcantly higher
in 3T3-L1-TIS7#1 clone even in the absence of Wnt3a, while exposure
to Wnt3a led to a drastic increase in Axin2 and Wisp2 levels in
3T3-L1-TIS7#1 clone.
Since both hypoxia inducible factor-1 (HIF1) and nuclear factor-κB
(NF-κB) signals are also reported to be responsible for the regulation of
adipogenesis [23,24], we next examined whether TIS7 is endowed to
modulate gene transactivation regulated by HIF1 and NF-κB in 3T3-L1
cells. Cells were thus transfected with a luciferase reporter plasmid
containing either hypoxia-responsive element (HRE) or NF-κB response
element, along with expression vectors of the constitutively active form
of HIF1α or the RelA/p50, respectively, in either the presence of absence
of TIS7. Introduction of either HIF1α or RelA/p50 alone markedly in-
creased theHRE-luc (Supplemental Fig. S4A) orNF-κB-luc (Supplemental
Fig. S4B) reporter activity, while co-introduction of TIS7 failed to further
increase those elevated luciferase activities. As the brain and muscle
ARNT-like 1 (Bmal1), a master regulator of circadian rhythm, is highly
up-regulated during adipocyte differentiation in vivo and in vitro [25],
we next investigated whether TIS7 could modulate Bmal1-dependent
transcriptional activation in 3T3-L1 cells. Cells were transfectedwith a lu-
ciferase reporter plasmid containing Per1 promoter along with expres-
sion vectors of Bmal1/neuronal PAS domain protein 2 (Npas2) in either
the presence or absence of TIS7. Introduction of Bmal1/Npas2 markedly
increased the Per1 promoter activity, while co-introduction of TIS7 signif-
icantly promoted the increase by Bmal1/Npas2 in the Per1 promoter ac-
tivity (Supplemental Fig. S4C).
3.6. TIS7 regulates adipocyte differentiation throughWnt/β-catenin signaling
pathway
To provide evidence that adipocyte differentiation could be regulat-
ed by TIS7 in association with the enhancement of Wnt/β-catenin-
dependent transcriptional activation, stable TIS7 transfectants were
retrovirally infected with a dominant negative form of TCF4 (DN-TCF4),
followed by further culture for an additional 24 h in the presence of dif-
ferentiation cocktail and subsequent determination of expression proﬁles
of adipogenicmarker genes. In the literature, DN-TCF4 is shown tomark-
edly promote adipocyte differentiation in 3T3-L1 cells [26]. In accordance
with these previous ﬁndings, introduction of DN-TCF4 signiﬁcantly
up-regulated expression of different adipogenic marker genes, aP2,
Pparg, Cd36, Slc2a4, lipoprotein lipase (Lpl) and Adiponectin, in 3T3-L1
cells when determined 48 h after the initiation of adipogenic induction
(Fig. 6A). In addition, DN-TCF4 markedly accelerated lipid droplet accu-
mulation in 3T3-L1 cells cultured for 8 and 16 days (Fig. 6B).We next in-
vestigated whether the TIS7-induced inhibition is rescued by
introduction of DN-TCF4 in 3T3-L1 cells at 24 h after initiation of
adipogenic induction, which is the timing before appearance of the dis-
tinct difference in adipogenic marker expression between 3T3-L1 cells
infected with EV and DN-TCF4. Expression levels were drastically lower
in 3T3-L1-TIS7 clone#1 for aP2 (Fig. 6C), Pparg (Fig. 6D), Cd36 (Fig. 6E)
and Slc2a4(Fig. 6F) than in 3T3-L1-EV clone upon retroviral infection
with EV, while retroviral introduction of DN-TCF4 markedly increased
these expression levels in 3T3-L1-TIS7 clone to those found in control
cells, without signiﬁcantly affecting those in 3T3-L1-EV clone.
3.7. Hypoxic stress induces complex formation between TIS7 and β-catenin
in pre-adipocytes to inhibit adipocyte differentiation
To gain insights into the mechanism by which hypoxia-induced
TIS7 up-regulation enhances the Wnt/β-catenin-dependent tran-
scription, we investigated whether hypoxic stress induces the com-
plex formation between TIS7 and β-catenin. Pre-adipocytic 3T3-L1
cells were subjected to hypoxic stress, followed by fractionation ofboth nuclear and cytoplasmic fractions for subsequent immunoblot-
ting. Lamin B1 was only detected in the nuclear fraction, with exclu-
sive detection of β-tubulin in the cytoplasmic fraction (Fig. 7A). TIS7
expression was not detected in both nuclear and cytoplasmic frac-
tions prepared from 3T3-L1 cells cultured under normoxic conditions,
while TIS7 was highly detected in both nuclear and cytoplasmic frac-
tions from cells cultured under hypoxia for 24 h (Fig. 7A). Nuclear ex-
tracts were next prepared from cells cultured under hypoxic stress,
followed by immunoprecipitation with the anti-TIS7 antibody toward
immunoblotting with the anti-β-catenin antibody. Immunoreactive
β-catenin was highly detected in immunoprecipitates with the
anti-TIS7 antibody from cells cultured under hypoxia, but not in
those under normoxia (Fig. 7B).
Since TIS7 was preferentially up-regulated in WAT of obesity
model mice as shown in Fig. 2, we next examined whether TIS7
forms a protein complex with β-catenin in the nucleus of WAT from
ob/ob mice. Nuclear extracts were prepared from WAT, followed by
immunoprecipitation with the anti-TIS7 antibody and subsequent
immunoblotting with the anti-β-catenin antibody. Immunoreactive
β-catenin was highly detected in immunoprecipitates by the
anti-TIS7 antibody in nuclear fractions from WAT of ob/ob mice, but
not of WT mice (Fig. 7C).
To investigatewhether hypoxic stress inhibits adipocyte differentia-
tion through TIS7-induced activation of the canonical Wnt signaling in
pre-adipocytes, 3T3-L1 cells were retrovirally infected with DN-TCF4
or shTIS7, followed by culture under hypoxic stress in the presence of
differentiation cocktail and subsequent determination of aP2 expres-
sion. Hypoxic stress signiﬁcantly deteriorated aP2 expression during
cellular differentiation in 3T3-L1 cells with EV, whereas the introduc-
tion of DN-TCF4 signiﬁcantly alleviated the decrease by hypoxia
(Fig. 7D). Moreover, shTIS7 was effective in signiﬁcantly ameliorating
the hypoxia-induced decrease in aP2 expression (Fig. 7E). In our prelim-
inary experiments, we conﬁrmed that the introduction of DN-TCF4 or
shTIS7 signiﬁcantly prevented the hypoxia-induced decrease in the ex-
pression of other adipogenic genes such as Pparg, Cd36 and Slc2a4 (data
not shown). These data suggest that TIS7 could form complexes with
β-catenin in adipocytic cells under hypoxic stress to inhibit cellular dif-
ferentiation by promoting theWnt/β-catenin-dependent transcription.
In ChIP analysis, moreover, hypoxia induced the recruitment of TIS7 to
Wnt responsive element (WRE) on aP2 promoter in pre-adipocytes
(Fig. 7F) with the statistical signiﬁcance (Fig. 7G).
4. Discussion
The essential importance of the present ﬁndings is that hypoxic
stress drastically promoted TIS7 expression to repress adipocytic dif-
ferentiation through a mechanism relevant to facilitation of the ca-
nonical Wnt/β-catenin signaling in pre-adipocytic 3T3-L1 cells in
vitro. To our knowledge, this is the ﬁrst direct demonstration of the
negative regulation of adipogenesis by TIS7 up-regulated in response
to hypoxia in adipocytes. During adipogenesis, multipotent mesen-
chymal stem cells are believed to differentiate into mature adipocytes
in a manner dependent on a complex but systematic integration be-
tween intracellular and nuclear signaling pathways associated with
protein phosphorylation and gene transcription [21]. Among different
transcription factors involving adipogenesis, for example, both PPARγ
[27] and Wnt [28] signals play a key role in the positive and negative
regulation of adipogenesis, respectively.
Wnt family members are glycoproteins secreted into extracellular
spaces to activate adjacent cell surface frizzled receptors responsible
for the signal transformation toward prevention of the degradation of
β-catenin. Consequent accumulation of nuclear β-catenin would then
lead to the activation of TCF/LEF transcription factors, along with pro-
moting the expression of target genes [22], such as Axin2 or Wisp2, in
the context of pre-adipocytes. Although previous studies have demon-
strated a clear correlation between hypoxia and repression of adipocyte
Fig. 6. TIS7 inhibits adipocyte differentiation through canonicalWnt signaling. 3T3-L1 cellswere retrovirally infectedwithDN-TCF4, followedby further culture in thepresence of differentiation
cocktail and subsequent determination of (A) adipogenic marker gene expression and (B) Oil red O staining (n = 5). **P b 0.01, signiﬁcantly different from the value obtained in cells infected
with EV. Both 3T3-L1-EV and 3T3-L1-TIS7 cloneswere retrovirally infectedwith DN-TCF4, followed by culturewith differentiation cocktail for determination of (C) aP2, (D) Pparg, (E) Cd36 and
(F) Slc2a4 expression (n = 4–6). **P b 0.01, signiﬁcantly different from the value obtained in EV-infected 3T3-L1-EV cells. #P b 0.05, ##P b 0.01, signiﬁcantly different from the value obtained
in 3T3-L1-TIS7 cells infected with EV.
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promoted gene transactivation mediated by the Wnt/β-catenin path-
way through a mechanism relevant to the interaction with β-catenin
in the nucleus give rise to an idea that TIS7 could be a potential tran-
scriptional regulator required for the repression of adipocyte differenti-
ation in pre-adipocytes under hypoxia.
Hypoxia-mediated responses are supposed tomainly involve the di-
meric complex HIF, which is composed of oxygen-regulated HIF1α and
HIF1β subunits [29]. HIF1α is also activated by insulin in addition to
hypoxia, to play a role in adipocyte functions [30]. HIF1α inactivation
promotes mitochondrial biogenesis speciﬁcally in WAT [31], whileexpression of a dominant-negative HIF1α in adipose tissue perturbs
brown fat function [32]. In addition, disruption of HIF1α in adipocytes
improves insulin sensitivity along with decreased adiposity in HFD
mice [33,34]. The current results that TIS7 failed to alter the
HIF-dependent transcriptional activation in 3T3-L1 cells are unfavor-
able for an idea that HIF may be a pivotal mediator of TIS7-dependent
suppression of adipocyte differentiation under hypoxic conditions. On
the contrary, TIS7 could regulate adipocyte differentiation through
modulating Bmal1-dependent transcription, although ﬁnal conclusion
should await future analysis. Since TIS7 regulates gene expression me-
diated by CCAAT/enhancer binding protein alpha (C/EBPα) [35],
Fig. 7. Hypoxia induces complex formation between β-catenin and TIS7 to block adipocyte differentiation through canonical Wnt signaling by TIS7 in pre-adipocytes. (A) 3T3-L1
cells were cultured under normoxia and hypoxia, followed by fractionation of both nucleus and cytoplasm and subsequent determination of TIS7, Lamin B1 and β-tubulin expres-
sion on immunoblotting. (B) Immunoprecipitation assay in nucleus of 3T3-L1 cells. (C) Immunoprecipitation assay in nucleus of WAT of ob/ob and WT mice. 3T3-L1 cells were
retrovirally infected with (D) DN-TCF4 or (E) shTIS7, followed by further culture under hypoxia in the presence of differentiation cocktail and subsequent determination of aP2
expression. **P b 0.01, signiﬁcantly different from the value obtained in (D) EV-infected or (E) shControl-infected cells cultured under normoxia. ##P b 0.01, signiﬁcantly different
from the value obtained in (D) EV-infected cells or (E) shControl-infected cells cultured under hypoxia (n = 4–6). (F, G) 3T3-L1 cells were cultured under normoxia or hypoxia,
followed by ChIP assays using the anti-TIS7 antibody along with speciﬁc primers to amplify the aP2 promoter containing WRE (n = 3).
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adipogenesis, the possibility that TIS7 could also regulate adipogenesis
through modulating C/EBPα activity is not ruled out so far.
On the other hand, the interaction betweenWnt and frizzled recep-
tors is believed to dispatch a major physiological signal to repress
adipogenesis, which is responsible for maintaining pre-adipocytes in
an undifferentiated state [26], while β-catenin is also shown to act as
a repressor of gene transcription through a mechanism dependent onTCF/LEF [36]. The repression involves the recruitment of β-catenin to
WRE located upstream in aP2 promoter in undifferentiated adipocytic
cells [37]. In fact, the present data from ChIP analysis give support to
the recruitment of β-catenin to WRE in pre-adipocytes under hypoxia.
Taken together, the complex between TIS7 and β-catenin would at
least in part participate in the repression of adipocyte differentiation
after the recognition of upstreamWRE at the promoter region of differ-
ent adipogenic genes in the nucleus of pre-adipocytes under hypoxic
1127Y. Nakamura et al. / Biochimica et Biophysica Acta 1832 (2013) 1117–1128stress. Although the interaction between endogenous β-catenin and TIS7
was clearly detected in WAT of ob/ob mice as well as in pre-adipocytes
under hypoxia by immunoprecipitationwith TIS7, our attempts on recip-
rocal immunoprecipitationwith the anti-β-catenin antibodywere unsuc-
cessful due to similar molecular weights between TIS7 and the heavy
chain of IgG so far. Future analysis usingGST pull-down assay ormamma-
lian two-hybrid system is highly appreciable.
Our present results are not in good agreementwith previous ﬁndings
that TIS7 inhibits β-catenin-dependent TOPFLASH-luc activity [38]. The
paradox could be at least in part accounted for by taking into consider-
ation the experimental details such as cells and plasmids employed be-
tween previous and current studies. In contrast to C2C12 cells, 293
cells or mouse embryonic ﬁbroblasts used in the previous study, for ex-
ample, pre-adipocytic 3T3-L1 cells were used in this study. Moreover,
β-catenin plasmid lacking the N-terminal domain was used in the previ-
ous study, while β-catenin plasmid bearing point mutation (serine 33 to
tyrosine)was employed in this study. It should be also emphasized that a
marked increase was seen in the expression ofWnt target genes, such as
Axin2 andWisp2, in 3T3-L1-TIS7 cellswith relatively lower concentration
of Wnt3a (10 ng/mL) in addition to the synergistic effect by TIS7 on
β-catenin-dependent transcriptional activity. Accordingly, TIS7 could
negatively and positively regulate the canonicalWnt signaling in aman-
ner dependent on cellular lineages. One of the interesting current ﬁnd-
ings is that ATF6 promoted TIS7 expression as a critical transcription
factor during hypoxia in pre-adipocytes, whereas ATF6 is translocated
to the Golgi apparatus from ER membrane for the proteolytic cleavage
into an active form [39]. Although hypoxic stress is shown to directly
or indirectly promote gene transactivation mediated by ATF6 in various
cell types [40–42], the exact mechanism underlying the up-regulation
of TIS7 in an ATF6-dependent manner in pre-adipocytes under hypoxia,
however, remains to be elucidated in future studies. Nevertheless, it
should be noted that PPAR activity is under the control by other numer-
ous endogenous key factors, including the interaction with co-activators
or co-repressors, the presence of endogenous ligands, and the posttran-
scriptional modiﬁcation, in addition to their expression levels [27,43].
5. Conclusion
It thus appears that TIS7 is a novel pivotal transcriptional regulator
of hypoxia-induced repression of adipogenesis in a manner depen-
dent on the canonical Wnt signaling in pre-adipocytes as summarized
in Supplemental Fig. S5. In addition to in vitro studies, we have also
shown that TIS7 expression was enhanced in WAT of obesity model
mice in addition to complex formation between TIS7 and β-catenin
in vivo. Accordingly, TIS7 could be a target for the discovery and de-
velopment of a drug useful for the treatment and therapy of obesity
or a variety of obesity-related metabolic diseases including type-2 di-
abetes and atherosclerosis.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbadis.2013.03.010.
Author contribution
Conceived and designed the research: YN, EH, YY. Performed the
experiments: YN, EH, TI, SH, YT, ET, ST. Analyzed the data: YN, EH.
Wrote the paper: EH, YY.
Conﬂict of interest
The authors declare that there are no conﬂicts of interest.
Acknowledgements
We highly thank Dr. T. Kitamura (Tokyo University, Tokyo, Japan)
for generously providing PLAT-E cells. This work was supported in
part by Grants-in-Aids for Scientiﬁc Research to E.H. from the Ministryof Education, Culture, Sports, Science and Technology, Japan, and in
part by ResearchGrants to E.H. from theONOMedical Research Founda-
tion, the Uehara Memorial Foundation and the Mochida Memorial
Foundation for Medical and Pharmaceutical Research, Japan.References
[1] E.D. Rosen, B.M. Spiegelman, Adipocytes as regulators of energy balance and glucose
homeostasis, Nature 444 (2006) 847–853.
[2] J.K. Sethi, A.J. Vidal-Puig, Thematic review series: adipocyte biology. Adipose tis-
sue function and plasticity orchestrate nutritional adaptation, J. Lipid Res. 48
(2007) 1253–1262.
[3] S.R. Farmer, Molecular determinants of brown adipocyte formation and function,
Genes Dev. 22 (2008) 1269–1275.
[4] K. Karastergiou, V. Mohanmed-Ali, The autocrine and paracrine roles of adipokines,
Mol. Cell. Endocrinol. 318 (2010) 10–14.
[5] N. Ouchi, J.L. Parker, J.J. Lugus, K. Walsh, Adipokines in inﬂammation and meta-
bolic disease, Nat. Rev. Immunol. 11 (2011) 85–97.
[6] P. Trayhurn, Endocrine and signalling role of adipose tissue: new perspectives on
fat, Acta Physiol. Scand. 184 (2005) 285–293.
[7] I. Vietor, L.A. Huber, Role of TIS7 family of transcriptional regulators in differenti-
ation and regeneration, Differentiation 75 (2007) 891–897.
[8] S.K. Vadivelu, R. Kurzbauer, B. Dieplinger, M. Zweyer, R. Schafer, A. Wernig, I.
Vietor, L.A. Huber, Muscle regeneration and myogenic differentiation defects in
mice lacking TIS7, Mol. Cell. Biol. 24 (2004) 3514–3525.
[9] F. Tirone, E.M. Shooter, Early gene regulation by nerve growth factor in PC12
cells: induction of an interferon-related gene, Proc. Natl. Acad. Sci. U. S. A 86
(1989) 2088–2092.
[10] Y. Gu, I.T. Harley, L.B. Henderson, B.J. Aronow, I. Vietor, L.A. Huber, J.B. Harley, J.R.
Kilpatrick, C.D. Langefeld, A.H. Williams, A.G. Jegga, J. Chen, M. Wills-Karp, S.H.
Arshad, S.L. Ewart, C.L. Thio, L.M. Flick, M.D. Filippi, H.L. Grimes, M.L. Drumm,
G.R. Cutting, M.R. Knowles, C.L. Karp, Identiﬁcation of IFRD1 as a modiﬁer gene
for cystic ﬁbrosis lung disease, Nature 458 (2009) 1039–1042.
[11] Z. Brkanac, D. Spencer, J. Shendure, P.D. Robertson, M. Matsushita, T. Vu, T.D. Bird,
M.V. Olson, W.H. Raskind, IFRD1 is a candidate gene for SMNA on chromosome
7q22-q23, Am. J. Hum. Genet. 84 (2009) 692–697.
[12] G.L. Semenza, Life with oxygen, Science 318 (2007) 62–64.
[13] K. Sun, C.M. Kusminski, P.E. Scherer, Adipose tissue remodeling and obesity, J. Clin.
Invest. 121 (2011) 2094–2101.
[14] P. Trayhurn, B. Wang, I.S. Wood, Hypoxia in adipose tissue: a basis for the
dysregulation of tissue function in obesity? Br. J. Nutr. 100 (2008) 227–235.
[15] K.H. Kim, M.J. Song, J. Chung, H. Park, J.B. Kim, Hypoxia inhibits adipocyte differ-
entiation in a HDAC-independent manner, Biochem. Biophys. Res. Commun. 333
(2005) 1178–1184.
[16] C. Regazzetti, P. Peraldi, T. Grémeaux, R. Najem-Lendom, I. Ben-Sahra, M.
Cormont, F. Bost, Y. Le Marchand-Brustel, J.F. Tanti, S. Giorgetti-Peraldi, Hypoxia
decreases insulin signaling pathways in adipocytes, Diabetes 58 (2009) 95–103.
[17] Y. Nakamura, E. Hinoi, T. Takarada, Y. Takahata, T. Yamamoto, H. Fujita, S. Takada,
S. Hashizume, Y. Yoneda, Positive regulation by GABABR1 subunit of leptin ex-
pression through gene transactivation in adipocytes, PLoS One 6 (2011) e20167.
[18] E. Hinoi, H. Ochi, T. Takarada, E. Nakatani, T. Iezaki, H. Nakajima, H. Fujita, Y.
Takahata, S. Hidano, T. Kobayashi, S. Takeda, Y. Yoneda, Positive regulation of os-
teoclastic differentiation by growth differentiation factor-15 up-regulated in
osteocytic cells under hypoxia, J. Bone Miner. Res. 27 (2012) 938–949.
[19] T. Kitamura, Y. Koshino, F. Shibata, T. Oki, H. Nakajima, T. Nosaka, H. Kumagai,
Retrovirus-mediated gene transfer and expression cloning: powerful tools in
functional genomics, Exp. Hematol. 31 (2003) 1007–1014.
[20] E. Hinoi, S. Fujimori, L. Wang, H. Hojo, K. Uno, Y. Yoneda, Nrf2 negatively regulates
osteoblast differentiation via interfering with Runx2-dependent transcriptional
activation, J. Biol. Chem. 281 (2006) 18015–18024.
[21] A.G. Cristancho, M.A. Lazar, Forming functional fat: a growing understanding of
adipocyte differentiation, Nat. Rev. Mol. Cell Biol. 12 (2011) 722–734.
[22] C.Y. Logan, R. Nusse, The Wnt signaling pathway in development and disease,
Annu. Rev. Cell Dev. Biol. 20 (2004) 781–810.
[23] Z. Yun, H.L. Maecker, R.S. Johnson, A.J. Giaccia, Inhibition of PPAR gamma 2 gene
expression by the HIF-1-regulated gene DEC1/Stra13: a mechanism for regulation
of adipogenesis by hypoxia, Dev. Cell 2 (2002) 331–341.
[24] H. Ruan, N. Hacohen, T.R. Golub, L. Van Parijs, H.F. Lodish, Tumor necrosis
factor-alpha suppresses adipocyte-speciﬁc genes and activates expression of
preadipocyte genes in 3T3-L1 adipocytes: nuclear factor-kappaB activation by
TNF-alpha is obligatory, Diabetes 51 (2002) 1319–1336.
[25] S. Shimba, N. Ishii, Y. Ohta, T. Ohno, Y. Watabe, M. Hayashi, T. Wada, T. Aoyagi, M.
Tezuka, Brain and muscle Arnt-like protein-1 (BMAL1), a component of the mo-
lecular clock, regulates adipogenesis, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
12071–12076.
[26] S.E. Ross, N. Hemati, K.A. Longo, C.N. Bennett, P.C. Lucas, R.L. Erickson, O.A.MacDougald,
Inhibition of adipogenesis by Wnt signaling, Science 289 (2000) 950–953.
[27] P. Tontonoz, B.M. Spiegelman, Fat and beyond: the diverse biology of PPARgamma,
Annu. Rev. Biochem. 77 (2008) 289–312.
[28] C. Christodoulides, C. Lagathu, J.K. Sethi, A. Vidal-Puig, Adipogenesis andWNT sig-
naling, Trends Endocrinol. Metab. 20 (2009) 16–24.
[29] G.L. Semenza, Hypoxia-inducible factors in physiology and medicine, Cell 148
(2012) 399–408.
1128 Y. Nakamura et al. / Biochimica et Biophysica Acta 1832 (2013) 1117–1128[30] E. Zelzer, Y. Levy, C. Kahana, B.Z. Shilo, M. Rubinstein, B. Cohen, Insulin induces tran-
scription of target genes through the hypoxia-inducible factor HIF-1alpha/ARNT,
EMBO J. 17 (1998) 5085–5094.
[31] J. Krishnan, C. Danzer, T. Simka, J. Ukropec, K.M. Walter, S. Kumpf, P. Mirtschink, B.
Ukropcova, D. Gasperikova, T. Pedrazzini, W. Krek, Dietary obesity-associated Hif1α
activation in adipocytes restricts fatty acid oxidation and energy expenditure via sup-
pression of the Sirt2-NAD + system, Genes Dev. 26 (2012) 259–270.
[32] X. Zhang, K.S. Lam, H. Ye, S.K. Chung, M. Zhou, Y. Wang, A. Xu, Adipose
tissue-speciﬁc inhibition of hypoxia-inducible factor 1{alpha} induces obesity
and glucose intolerance by impeding energy expenditure in mice, J. Biol.
Chem. 285 (2010) 32869–32877.
[33] C. Jiang, A. Qu, T. Matsubara, T. Chanturiya, W. Jou, O. Gavrilova, Y.M. Shah, F.J.
Gonzalez, Disruption of hypoxia-inducible factor 1 in adipocytes improves insulin
sensitivity and decreases adiposity in high-fat diet-fed mice, Diabetes 60 (2011)
2484–2495.
[34] K.Y. Lee, S. Gesta, J. Boucher, X.L. Wang, C.R. Kahn, The differential role of Hif1β/Arnt
and the hypoxic response in adipose function, ﬁbrosis, and inﬂammation, Cell
Metab. 14 (2011) 491–503.
[35] N. Wick, A. Schleiffer, L.A. Huber, I. Vietor, Inhibitory effect of TIS7 on Sp1-C/EBPalpha
transcription factor module activity, J. Mol. Chem. 336 (2004) 589–595.
[36] T.A. Blauwkamp, M.V. Chang, K.M. Cadigan, Novel TCF-binding sites specify tran-
scriptional repression by Wnt signaling, EMBO J. 27 (2008) 1436–1446.[37] C.J. Villanueva, H. Waki, C. Godio, R. Nielsen, W.L. Chou, L. Vargas, K. Wroblewski, C.
Schmedt, L.C. Chao, R. Boyadjian, S. Mandrup, A. Hevener, E. Saez, P. Tontonoz, TLE3 is
a dual-function transcriptional coregulator of adipogenesis, Cell Metab. 13 (2011)
413–427.
[38] I. Vietor, R. Kurzbauer, G. Brosch, L.A. Huber, TIS7 regulation of the beta-catenin/Tcf-4
target gene osteopontin (OPN) is histone deacetylase-dependent, J. Biol. Chem. 280
(2005) 39795–39801.
[39] C. Hetz, The unfolded protein response: controlling cell fate decisions under ER
stress and beyond, Nat. Rev. Mol. Cell Biol. 13 (2012) 89–102.
[40] B.J. Murphy, K.R. Laderoute, S.M. Short, R.M. Sutherland, The identiﬁcation of
heme oxygenase as a major hypoxic stress protein in Chinese hamster ovary
cells, Br. J. Cancer 64 (1991) 69–73.
[41] D.E. Roll, B.J. Murphy, K.R. Laderoute, R.M. Sutherland, H.C. Smith, Oxygen regu-
lated 80 kDa protein and glucose regulated 78 kDa protein are identical, Mol.
Cell. Biochem. 103 (1991) 141–148.
[42] X. Zheng, X. Zheng, X. Wang, Z. Ma, V. Gupta Sunkari, I. Botusan, T. Takeda, A.
Björklund, M. Inoue, S.B. Catrina, K. Brismar, L. Poellinger, T.S. Pereira, Acute hyp-
oxia induces apoptosis of pancreatic β-cell by activation of the unfolded protein
response and upregulation of CHOP, Cell Death Dis. 3 (2012) e322.
[43] Z.E. Floyd, J.M. Stephens, Controlling a master switch of adipocyte development
and insulin sensitivity: covalent modiﬁcations of PPARγ, Biochim. Biophys. Acta
1822 (2012) 1090–1095.
